Three-and two-dimensional chirality arising from the mutual orientation of non-chiral planar metamaterial structures and the incident electromagnetic wave (extrinsic chirality) lead to pronounced optical activity, circular dichroism and asymmetric transmission indistinguishable from those seen in media consisting of three-and two-dimensionally chiral molecules (intrinsic chirality).
Introduction
The term 'chirality' (or handedness from the Greek χ ίρ 'hand') usually refers to an intrinsic sense of twist (or helicity) of a three-dimensional object, such as a helix, which has two different mirror forms called enantiomers (see figure 1(a) ). 3D chirality appears to be a signature of life forms and can be found in many important organic molecules and proteins, as well as in inorganic structures (see figures 2(a)-(c)). 3D chirality results in such fundamental polarization effects as optical activity (a medium's ability to rotate the polarization state of light) and the associated phenomenon of circular dichroism, which manifests itself as a difference in transmission levels for left and right circularly polarized light (see figure 3(a) ). Since its discovery in 1811 by Dominique Arago, optical activity has played an important role in analytical chemistry, crystallography, molecular biology and the food industry, and is now used as a test for detecting life forms in space missions. The recognition of chirality as a source of negative refraction of light [5] [6] [7] [8] [9] [10] [11] that is needed for the creation of a perfect lens [12] has recently inspired intense work in developing optically active microwave and photonic chiral metamaterials [13] [14] [15] [16] [17] [18] and has led to the observation of negative refraction due to chirality [14, 18, 19] .
The concept of chirality also exists in two dimensions (2D or planar chirality), where it reflects the intrinsic sense of twist of a planar object, which exists in two non-congruent 1 www.nanophotonics.org.uk/niz/ mirror forms (see figure 1(b)) [20] and was first experimentally studied in the optical part of the spectrum through its role in enantiomerically sensitive diffraction [21] . 2D-chiral structures may also be found in nature, although only a few examples of regular arrays of natural planar chiral systems are currently known (see figures 2(d) and (e)). Intriguingly, the perceived sense of twist of a planar chiral object is reversed for observation from opposite sides. This is in contrast with 3D chirality, where the sense of twist associated with an object does not change upon reversal of the observation direction (consider a helix). In fact, switching of the perceived twist in planar chiral structures is linked to the effect of asymmetric transmission, which was recently discovered in planar chiral metamaterial arrays [22, 23] and also found in plasmonic nanostructures [24] . The effect manifests itself as a difference in total transmission levels for circularly polarized waves of the same handedness propagating in opposite directions. The phenomenon is fully compliant with the reciprocity lemma [25] and is fundamentally different from the nonreciprocal optical Faraday effect. Asymmetric transmission is a dissipative effect and can only be observed in lossy anisotropic structures. It results from partial conversion of a normally incident circularly polarized wave into one of opposite handedness, where the efficiency of conversion is asymmetric for opposite directions of propagation (see figure 3(b) ).
In this paper we provide experimental proof that the chirality-related polarization phenomena mentioned above, namely optical activity and circular dichroism (3D effect) and asymmetric transmission (2D effect), may be observed in truly planar metamaterials consisting of meta-molecules that are neither 3D-nor 2D-chiral. The phenomena, which in the 3D case are sometimes referred to as the Bunn effect [26] or pseudochiral effect (for bulk bi-anisotropic composite media) [27] , result from the chirality of the entire experimental arrangement, which is drawn here from the mutual orientation of the wave propagation direction and the planar metamaterial, thus termed by us as extrinsic chirality. We show that extrinsic chirality can lead to exceptionally strong circular dichroism, optical activity and asymmetric transmission, indistinguishable from those exhibited by conventional 3D-and 2D-chiral systems.
Circular dichroism and birefringence due to extrinsic 3D chirality were recently observed in metamaterials by our group for the first time [28, 29] . Here we further investigate extrinsic chiralities, provide the first experimental data on the optical manifestation of extrinsic 2D chirality and compare manifestations of 3D and 2D extrinsic chiralities in a single series of parallel experiments.
Extrinsic chirality of metamaterials
Any planar metamaterial structure (or meta-molecule) that does not possess twofold rotational symmetry can form a 3D-chiral arrangement with a beam of light entering the structure at oblique incidence, and could therefore show optical activity. In this case the experimental configuration itself, including the incident beam and metamaterial/meta-molecule pattern, has two mirror forms that cannot be superimposed by any translations and rotations (see figure 1(c)). Here enantiomeric configurations yielding optical activity and circular dichroism of opposite signs are achieved by tilting the plane of the metamaterial in opposite directions with respect to the incident wavevector. Importantly, 3D-chiral asymmetry of the experimental configuration will vanish only for normal incidence, or if the metamaterial pattern has a line of mirror symmetry in the plane of incidence (see figure 1(e)).
In the experiments reported here we observed optical activity and circular dichroism in a 'negative' planar microwave metamaterial, which was a self-standing 1 mm thick metal plate perforated with a regular two-dimensional array of asymmetrically split ring apertures shown in figure 4 (a). Each ring aperture had a width of 1 mm, a radius of 6 mm and was split into pairs of arcs of different lengths (corresponding to 140
• and 160
• ) separated by equal gaps. Similarly to the case of extrinsic 3D chirality, a planar nonchiral object that interacts with a beam of light can mimic the polarization response of a 2D-chiral metamaterial if it is tilted around an axis that is neither parallel nor perpendicular to a line of mirror symmetry of the metamaterial pattern, as shown in figure 1(d). In this case the enantiomeric configurations, for which the circular conversion dichroism will be reversed, correspond to rotation around the mirror image of the axis (see figure 1(d) ).
We observed asymmetric transmission in a planar metamaterial structure based on a continuous anisotropic fish-scale pattern, which had a line of mirror symmetry and therefore did not possess intrinsic 2D chirality. It was previously studied for its resonant properties at normal incidence [30] . The pattern, which is shown in figure 4(b) , was formed by a double-periodic array of meandering 0.8 mm wide metal strips sandwiched between two 1.6 mm thick lossy dielectric substrates ( = 4.5 + i0.2).
Both metamaterial samples had a lateral dimension of about 220 × 220 mm 2 and a unit cell 15 × 15 mm 2 in size, which renders such periodic structures non-diffracting below 13 GHz for any angle of incidence of up to 30
• . Note that in general oblique incidence will lead to the coexistence of both 2D-and 3D-chiral extrinsic asymmetries even in the absence of intrinsic chirality of either type. Nevertheless, each type of extrinsic chirality can be easily isolated by exploiting the symmetries of the metamaterial patterns themselves. In the present work, for example, to suppress the 2D-chiral effect in the split-ring structure the latter was tilted around its mirror symmetry axis (as can be seen in figure 4(a) ), while the absence of 3D-chiral behavior in the case of the fish-scale metamaterial was ensured by its twofold rotational symmetry (see figure 4(b) ).
Measurements of chiral polarization effects
In all our experiments aimed at detecting manifestations of 3D and 2D extrinsic chirality we measured the complex transmission matrix E t i = t i j E inc j of the extrinsically chiral arrangements. Here the transmission matrix is defined in terms of circularly polarized components and relates the incident E inc and transmitted E t waves, where the subscripts correspond to right-handed (+, RCP) and left-handed (−, LCP) circular polarizations.
To detect the extrinsic analogue of the optical manifestation of intrinsic 3D chirality we measured the diagonal terms t ++ and t −− of the transmission matrix and interpreted them the same way they are interpreted for intrinsically 3D-chiral media: a phase difference between these matrix elements is linked to polarization azimuth rotation (optical activity) 3D , while a difference in their magnitudes is linked to circular dichroism T 3D (as illustrated in figure 3(a)):
Similarly, to detect the extrinsic analogue of the optical manifestation of intrinsic 2D chirality we measured the offdiagonal terms t −+ and t +− of the transmission matrix. As in experiments with planar chiral structures [22, 23, 31 ] the asymmetry of total circular transmission in opposite directions is given by the difference between − → T + = |t ++ | 2 +| − → t −+ | 2 and ← − T + = |t ++ | 2 + | ← − t −+ | 2 , defined here for the case of RCP:
The experiments were performed in the spectral range from 4 to 11 GHz for various angles of incidence on the planar structures between α = −30
• and +30
• in an anechoic chamber using broadband antennas (Schwarzbeck BBHA 9120D) equipped with lens concentrators and a vector network analyzer (Agilent E8364B). Figure 5 presents measurements of polarization effects for 3D and 2D extrinsically chiral arrangements of tilted asymmetrically split ring and fish-scale metamaterials, in terms of T i j = |t i j | 2 . A clear manifestation of resonant circular dichroism (T ++ = T −− ) characteristic for intrinsically 3D-chiral media is seen for the tilted array of asymmetrically split rings ( figure 5(a) ), while it is absent for the tilted fish-scale pattern (T ++ = T −− ). As with conventional intrinsically 3D-chiral media, reversing the direction of wave propagation did not affect the value or sign of the circular dichroism.
Experimental results
In contrast, clear evidence of resonant asymmetric transmission, characteristic for intrinsically 2D-chiral media, is seen for the tilted fish-scale pattern (T +− = T −+ ), while it is absent for the tilted array of asymmetrically split rings (T +− = T −+ ). Here measurements of asymmetric transmission with electromagnetic waves of opposite handedness yield asymmetries of different sign, exactly as for 2D-chiral media [22] .
The manifestations of 3D and 2D extrinsic chirality are illustrated further by figure 6 in terms of polarization azimuth rotation 3D and total transmission asymmetry T 2D measured for different angles of incidence α. As should be expected no chiral polarization response is seen at normal incidence: 3D and 2D extrinsic chirality vanish.
For extrinsically 3D-chiral arrangements of the asymmetrically split ring metamaterial polarization azimuth rotation is strongest at α = 10
• , exceeding 80
• , and decreases for larger incidence angles of up to α = 30
• , where 3D ≈ 67
• and the resonance broadens by about 3.5 times. We observed that the sign of the rotation is reversed simply by reversing the angle of incidence. Moreover, there is a narrow frequency band around the maximum of optical activity, where linear anisotropy is negligible (T i j T ii , see figure 5 (a)) and thus the metamaterial structure behaves like an isotropic 3D-chiral medium with circular eigenstates in this band. Furthermore, the spectral position of the maximum of the polarization rotation resonance coincides with zero circular dichroism (T ++ = T −− , see figure 5 (a)) and therefore corresponds to pure polarization rotation. This is in contrast to the behavior of most optically active molecular systems, where characteristically strong resonant polarization rotation of initially linearly polarized radiation is accompanied by substantial circular dichroism resulting in an elliptical polarization state at the exit from the chiral medium. For the extrinsically 2D-chiral arrangement of the fishscale metamaterial the transmission asymmetry gradually increases with increasing tilt angle: for α = 10
• the total transmission difference (which peaks at around 4.8 GHz) is 7%, reaching 15% and 21% for respectively α = 20
• and 30
• (see figure 6(b) ). Here opposite angles of tilt/incidence resulted in the same sign of the asymmetry, while a reversal in this particular case was observed for mutually orthogonal planes of incidence, which is in agreement with the definition of enantiomeric configurations for the 2D-chiral effect (as illustrated by figure 1(d) ).
Discussion
Mimicking 3D optical activity through extrinsic chirality was first described by Bunn more than 60 years ago [32] and later theoretically studied in bulk bi-anisotropic artificial composites [27] . Even though the effect has been detected in liquid crystals [26, 33] , it has since been rarely acknowledged, perhaps through its perception as exotic and insignificant. Mimicking the 2D-chiral effect of asymmetric transmission has never been discussed or reported before. However, our work demonstrates that polarization-sensitive effects due to extrinsic chirality have key roles in forming the electromagnetic properties of metamaterials and may be easily seen in thin and simple structures. More concisely, the electromagnetic behavior of metamaterials due to intrinsic and extrinsic chirality appears to be phenomenologically indistinguishable, i.e. they both manifest themselves as circular dichroism and birefringence (3D chirality) or asymmetric transmission (2D chirality). . This mechanism of optical activity equally applies to asymmetrically split ring apertures, with the only difference being that the roles of electric and magnetic dipoles are interchanged.
As with conventional optical activity exhibited by intrinsically chiral molecules [34] , the polarization effects due to extrinsic 3D chirality result from the simultaneous presence of electric and magnetic responses in the metamaterial structure [28, 29] . This is most easily understood for the Babinet complimentary structure, consisting of asymmetrically split wire rings instead of apertures. The asymmetry of the split ring plays a key role: it allows the simultaneous excitation of symmetric and anti-symmetric currents by a linearly polarized incident wave. The symmetric current mode yields an electric dipole moment oscillating in the plane of the structure, parallel to the cut across the ring, while the anti-symmetric component of the ring current gives rise to a magnetic dipole moment oscillating perpendicular to the plane of the ring (see figure 7(a) ). The mutual phase lag between their oscillations depends on the frequency of the incident wave. At oblique incidence the projections of the electric and magnetic moments on the plane normal to the wave propagation direction are non-zero. Here, exactly as in 3D-chiral media, the oscillating magnetic moment creates a component of retarded (phase lag) wave with a polarization perpendicular to that of the incident wave and scattered in the same direction as the incident wave. As a result, the transmitted wave will have its polarization plane rotated. With increasing incidence angle two effects compete: the increase of the chiral (magnetic) scattering and the associated growth of magnetic radiation losses. The latter increases damping of the asymmetric current mode at the origin of chiral scattering. Resulting from these concurrent processes, as the angle of incidence deviates from zero polarization rotation appears suddenly and the polarization resonance then broadens rapidly, as shown by our results.
The origin of the asymmetric transmission effect in tilted metamaterials can be understood from figure 8: when the nonchiral fish-scale pattern is tilted, its projection on the plane normal to the incident wave becomes 2D-chiral. Neglecting the retardation effects its optical response is equivalent to that of a planar chiral structure: it supports two co-rotating elliptically polarized eigenstates with perpendicular main axes. Here the handedness of the eigenstates is reversed, with the wave propagation direction [22, 23, 31] corresponding to enantiomerically sensitive polarization conversion and asymmetric transmission. The retardation or nonlocal effects resulting from the wave hitting different parts of the tilted meta-molecule with different phase lag fail to yield an observable polarization phenomenon such as optical activity as, even with the tilted structure, the experimental arrangement is not extrinsically 3D-chiral. This is ensured by the twofold rotational symmetry of the fish-scale design. Figure 8 . Mimicking 2D chirality by tilt. Non-chiral metamaterial as seen by an observer looking along the direction of light propagation at normal (a) and oblique (b) incidence. If the metamaterial is tilted around an axis neither parallel nor perpendicular to a line of mirror symmetry, the pattern's projection onto the plane normal to the incident wave's propagation direction becomes 2D-chiral with two enantiomeric forms.
Summary
We have demonstrated that 3D and 2D extrinsic chirality arising from the mutual orientation of planar metamaterial structures and the incident beam leads to profound polarization effects normally associated with intrinsically chiral media and indistinguishable from them. We expect that the resonance in the case of extrinsic 3D chirality could lead to a negative index of refraction for one of the circular components in exactly the same way it leads to a negative index in intrinsically chiral media [6, 14, 18, 19] . Contrary to intrinsic, molecular chirality, the 3D and 2D extrinsic effects are inherently and readily tunable, as the magnitude of the polarization phenomena, namely optical activity, circular dichroism and asymmetric transmission, can be continuously varied by changing the angle of incidence. Thus, practical application of extrinsic chirality using metamaterials may lead to the development of highly efficient polarization rotators, circular polarizers and polarization modulators.
